Introduction
This paper describes a method to accurately determine the extinction cross section and the extinction volume for a thin and planar object over a large frequency interval in the microwave region. The method is based on a conventional measurement of the monostatic radar cross section (RCS) and it is compared to and validated with a more general method based on the RCS in the forward direction. The experiments are performed on a fabricated single-layer planar array of split ring resonators (SRR). The motivation for this study is to develop methods that can be used to verify a general summation rule for the extinction cross section that bounds the overall scattering and absorption properties of a target [1] .
Most radar applications operate in a monostatic geometry. Bistatic systems are used for some application such as counter stealth [2] , but are, in general, more complicated than monostatic systems. Systems that utilize the scattering in the forward direction have some special applications, such as radar fences [2] . In addition, the direct measurement of the forward RCS in free space is experimentally difficult since the largest part of the field at the receiving antenna consists of a direct illumination by the transmitting antenna. As a consequence, there are relatively few studies published that treat the free space measurement of forward RCS at microwave frequencies. A bistatic measurement system where forward RCS is measured in the laboratory is described in Ref. 3 . The system in Ref. 3 operates in the 2−12.4 GHz range with a measurement accuracy of ±1 dB at a level of −18 dBsm for the forward RCS. In comparison, there is a wealth of literature and standardized procedures for monostatic measurements [4] . Monostatic measurements are therefore, from a practical point of view, to be preferred.
Theory
Consider the direct scattering of a plane electromagnetic wave E 0 e −i2πk·rf/c 0 with time dependence e −i2πf t impinging in thek-direction on a bounded scatterer in free space (c 0 is the phase velocity of light in free space). Introduce the incident wave polarizationê i = E 0 /|E 0 |, polarization of the scattered wave in ther-direction e s = E s (r)/|E s (r)| and polarization of the receiving antennaê r . The partial bistatic RCS amplitude that is recorded in a measurement is then,
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The partial bistatic RCS, i.e., the bistatic RCS measured with polarizationê r of the receiving antenna, is then defined as,
In particular, (3) evaluated in the backward directionr = −k yields the monostatic RCS [5] . The partial bistatic RCS in (3) has its maximum, σ max (r), when the polarization of the receiving antenna matches the polarization of the scattered wave.
The scattering cross section σ s is defined as the total scattered power in all directions divided by the incident power flux. It is obtained by integrating σ max (r) over the unit sphere with respect tor [5] . The extinction cross section is defined as the sum of the scattering and absorption cross sections, σ ext = σ s + σ a , where σ a is a measure of the absorbed power in the scatterer. The extinction cross section can also be determined from the forward RCS via the optical theorem
where * denotes the complex conjugate. Finally, introduce the extinction volume, , as
where σ ext and are related by σ ext = 8π 2 f c
For a planar and thin scatterer subject to a spherical wave incident at normal incidence, the partial bistatic RCS in the backward and forward directions are identical i.e., A(−k,ê r ) = A(k,ê r ) [5] . Combining that with (4) and invoking thatê i =ê * i for a linear polarization, makes it possible to determine σ ext and by a monostatic measurement of the partial RCS amplitude (1).
Experimental setup
The fabricated sample used in this study is a planar 33 × 33 array of quadratic SRR tuned for resonance at 8 GHz. The design is similar to the negative magnetic permeability material reported in Ref. 6 . The array is supported by a square FR4 substrate of edge length 14 cm and thickness 0.3 mm. The dielectric constant, rel , of the substrate varies between 4.2 and 4.4 in the measured frequency interval, with an overall dielectric loss tangent less than 4.8·10 −3 . The polarization of the transmitted and received waves is horizontal with respect to the SRR cell in Fig. 1, i. e.,ê i =ê r .
Monostatic RCS measurements are performed in an anechoic chamber as described in Ref. 7 using coherent background subtraction and time gating. This reduces the Forward RCS measurements are performed in a non-anechoic laboratory area. The sample is mounted on an expanded polystyrene (EPS) sample holder. A pair of ridged horn antennas are positioned facing each other at a distance of 6.00 m with the sample at the midpoint. Four frequency sweeps from a HP 8720C Network Analyzer are interlaced to obtain 6404 frequency points in the interval [1, 18] GHz corresponding to an unambiguous time of 378 ns, sufficient to avoid influence of room reverberations. The calibration measurement with a 6 cm radius sphere is followed by a measurement of the background that is coherently subtracted. The Mie series result for a perfectly electric conducting sphere [5] is divided by the background subtracted calibration data to obtain a calibration vector. The sample is then measured followed by a measurement of the background that is coherently subtracted from the sample measurement. We perform the background measurement within less than 2 minutes after each measurement to obtain the background levels mentioned below. The background subtracted sample data is then calibrated with the calibration vector. The calibrated data is finally gated with a 1.7 ns window in the time domain, chosen to minimize the influence of the background. This processing suppresses the background by 50 dB giving a background level of less than −40 dBsm.
Results and discussion
The monostatic and forward RCS from the fabricated sample are compared in Fig. 1 . The only significant differences are the 0.4 dBsm difference for the maxima at 8.1 GHz and the 2.4 dBsm difference for the minima at 11.1 GHz. The maxima differ only 3% (or 0.14 dB) for the extinction cross section data. The extinction cross section obtained from the forward RCS measurement is adjusted with a frequency dependent phase shift corresponding to a 3.4 ps delay according to the procedure described below. The real and imaginary part of are obtained from the RCS using (5) . A phase adjustment is performed by matching the zero crossings of the real components of . We believe that the largest contribution to this phase shift is the delay of the wave as it passes the 0.3 mm thick FR4 substrate and the 48 mm EPS sample holder. We get rel = 1.02 for the EPS sample holder using Ref. 8 . This gives a relative delay of 1.7 ps. Using rel = 4.3 for the FR4 substrate gives a relative delay of 1.1 ps adding up to a total relative delay of 2.8 ps. Small alignment differences in the monostatic RCS measurement setup between the calibration object and the sample can also account for a part of the phase difference.
The results in Fig. 1 show that the assumption of symmetry between monostatic and forward RCS measurements is correct. Monostatic RCS measurements can therefore be used to determine the extinction cross section and the extinction volume for thin and planar samples. A general method employing forward scattering to determine the extinction cross section is currently being developed and will be reported in forthcoming papers.
